Introduction
Rhizopus is a genus of filamentous fungi from the Mucorales order that grow appropriately in a solid-state fermentation (SSF) pattern [1] [2] [3] . During its metabolic cycle, Rhizopus [4, 5] generates a large quantity of glucoamylase [6] [7] [8] , protease [9, 10] , and lipase [11, 12] in addition to organic acid products, such as fumaric acid [13, 14] , lactic acid [15, 16] , and succinic acid [17] .
Rhizopus can grow on appropriate solid-state substrate and in culture medium without free water. Natural substrates, such as wheat bran and rice bran are typically used as a carbon source in SSF, and humidity in the culture medium is maintained at 30%-80%. Excellent mycelium growth occurs under appropriate temperature conditions with short fermentation time [18] [19] [20] . Compared with submerged fermentation, SSF offers the advantages of decreased energy consumption, reduced water pollution, and increased production yield [21] .
Rhizopus genus includes R. nigricans, R. oryzae, R. tukinensis, and R. chinensis, which offer a broad application range and are commonly seen in Chinese Rhizopus koji and rice leaven. Rhizopus strains are typically used for solid fermentation [22] [23] [24] [25] , especially for the production of fenflavored distilled liquor in other countries [26, 27] , and have been used by researchers in studying technological routes [27] [28] [29] . To date, in the study of SSF, ideal technical routes are difficult to obtain by proportional magnification for pure strain culture, biomass within unit volume, and glucoamylase yield. A series of problems, such as poor extending and penetrating capabilities of Rhizopus anoxia mycelia [30] and weak enzyme productivity in the incubator during process scale-up for industrial production, need further research and development. Moreover, the process scale-up for ensuring reactors and hyphae to attain favorable mass and oxygen transfer will become a major research breakthrough for current engineering development [7, 31] . In particular, mycelial elongation of filamentous fungi and metabolites, produced during the process of hyphal extension, had been analyzed and studied to provide some important technical routes for environmental governance [32, 33] . During the hyphal extension phase, numerous organic acids, enzymes, and decomposed carbohydrates are generated, providing a large amount of energy and carbon and nitrogen sources for environmental growth, as well as important energy materials for the unlimited extension of the hyphae. In this article, certain feasible model designs are provided for technological expansion to engineering [34, 35] , and the control requirements and reasonable design of SSF tanks have been analyzed under simulated conditions [36] [37] [38] . We used the characteristics of filamentous fungi to establish a culture medium modelling system. By designing a solid wheat bran medium for the growth of Rhizopus, the mycelium growth rate and enzyme yield were analyzed as the hyphae extended. The enzymatic capacity and morphology of mycelium were observed and analyzed in detail to design improved functionality for the solid-state fermenter. Thus, the ideal scale-up for industrial production of glucoamylase has important application value in SSF.
Materials and Methods

Microorganism and Media
Strain: Rhizopus K1 was isolated from soil samples collected from Yibin Wuliangye Distillery (28°47' N and 104°36' E), in Sichuan Province in China. It was preserved in the Engineering Research Center of Sustainable Development and Utilization of Biomass Energy at Yunnan Normal University. The Rhizopus K1 was grown in solid medium (20% potato diffusion juice, 2% agar), liquid seed medium (20% potato diffusion juice), and solid fermentation medium (20% potato diffusion juice: bran = 1:1) at 30°C.
Experimental Model
On the solid medium of the disc, a hole of R = 0.5 cm was dug out to inoculate Rhizopus with the center of the dish as the inoculation point, and with the center origin forming different circular mycelium areas by radius R = 0.5, 1.5, 2.5, and 4 cm (Fig. 1 for the location map). As mycelia grew along the same direction with the inoculation sites, the starting points for mycelial proliferation and extension were accompanied by generation, penetration, and accumulation of metabolites. The mycelium growth and radiuses of round planes formed in different periods was observed. The enzymatic activity was measured separately.
Preparation of Enzyme Solution and Glucoamylase Activity Assay
A 1 cm-diameter hole puncher was used to withdraw the solid enzyme sample, which was weighed, dissolved into 2 ml of 0.2 mol l -1 pH 4.8 phosphate buffer, and mashed using a glass rod. Next, 8 ml of 0.2 mol l -1 pH 4.8 phosphate buffer was added. The solution was then blended under magnetic stirring and high centrifuge machine (Shanghai Anting Scientific Instrument Plant) at 10,000 g force for 5 min, and the supernatant was obtained for standby application.
Glucoamylase activity was determined by a modified 3,5-dinitrosalicylic acid method using D-glucose as standard and the amount of enzyme required to produce 1 μmol of reduced sugar per minute was defined as one unit of enzyme activity (1 U). Substrate was prepared using starch (LingHu, China) dissolved in phosphate buffer by boiling, and then cooled to 50 o C. The enzyme reaction mixture was prepared in a 2,000 μl total volume containing 1,800 μl 1% starch (final concentration 0.9%), and 200 μl of diluted enzyme.
Measuring of the Specific Growth Rate µ
Based on μX = dX/dt, deduce ln(X According to the model, the growth radius of mycelium was measured, and μ was calculated according to the formula. Blue plane is R = 1.5 cm region, yellow plane is R = 2.5 cm region, earthy deep blue plane is R = 4 cm region, and the small white round planes are the sampling regions.
Influence of Solid Koji and Liquid Seeds on Growth in Solid Culture
Solid fermentation medium was placed in ϕ 9 cm culture vessels, and each one was filled with 10 g of wet material and subsequently paved. A total of six solid plates were prepared and sterilized after binding up at 121°C for 45 min in a vertical pressure steam sterilizer (Shanghai Shen'an Medical Apparatus Factory). After cooling, a sterilized hole puncher (diameter: 1 cm) was used to punch 1 cm round holes in the central site of the plate culture media, and liquid mycelia for inoculation was used in three blocks. The sterilized hole puncher was used to place mycelia, which were randomly taken from the solid seed plate into hole points, in punched solid fermentation medium. A total of three blocks were prepared, and six plates after inoculation were bound and placed in a 30°C thermostatic water-jacket incubator (Shanghai Yuejin Medical Apparatus Factory) for culture. Growth status was observed every 12 h until mycelia grew to the edges of the culture vessels. Samples were obtained, and glucoamylase activity was determined according to preparation requirements for enzymatic solution [39] .
Influence of Fluffiness Matrix Degree of the Culture Medium on Solid Fermentation
A 50 g portion of raw wheat bran material was weighed and added with 50 ml of potato diffusion juice at 20% concentration. Bran culture medium with 60% moisture content was formed by stirring and blending the solution. A total of nine identical culture vessels with the same specifications were added each with 10 g of bran culture medium and divided into three experimental groups. The culture medium was compacted using a flat grinding tool until no interspace from below the culture medium was observed, and the group was labelled as the 'compaction group.' In the second group, which was called the 'slight compaction group,' the medium was slightly compacted using a medicinal ladle until molded so that the culture medium would not be scattered. In the third group, that is, the 'fluffy group,' culture medium was only uniformly spread into the culture vessel. After being bound, the samples were subjected to high-temperature sterilization in a vertical pressure steam sterilizer (Shanghai Shen'an Medical Apparatus Factory). A hole puncher was used to punch holes at the central point of each culture medium after cooling, and circular solid-plate seed blocks were withdrawn by the hole puncher and transferred to the holes in the fermentation medium. Seed blocks were cultured in a 30°C water bath thermostatic incubator (Shanghai Yuejin Medical Apparatus Factory). Growth state was recorded every 4 h until mycelia grew to the edges of the culture vessels, and enzymatic activity was determined. Temporary sliding was implemented for the three experimental groups after culture, and morphologies, mycelia, and spores were observed under UW MICROPHOT-FX microscopy (NIKON, Japan).
Effect of Moisture Content on Mycelial Growth and Glucoamylase Production
(1) Culture media with different moisture contents were prepared, as shown in Table 1 . A total of 18 sets of ϕ 9 cm culture vessels with the same specifications were prepared and numbered according to six gradients. Equivalent quantities of culture media were uniformly loaded in culture vessels to form the fluffy state; then, solid seeds were inoculated into inoculation sites of sterilized culture vessels and cultured under 30°C non-ventilation conditions. Finally, samples were obtained and enzymatic activity was determined when mycelia spread and grew to the edge walls of the culture vessels.
(2) Raw bran material was weighed (50 g) and added with 50 ml of potato diffusion juice at 20% concentration. The mixture was stirred and blended to form bran culture medium with approximately 60% moisture content. Each of nine identical culture vessels was loaded with 10 g of bran culture medium and these were divided into three experimental groups, namely, compaction, slight compaction, and fluffy groups, which were prepared as mentioned previously. After binding up, the groups were subjected to high-temperature sterilization. A hole puncher was used to punch ϕ 1 cm holes at the central point of each culture medium after cooling; circular solid-plate seed blocks were withdrawn by the hole puncher and transferred into holes in the fermentation medium. The seed blocks were cultured in a blowtype thermostatic incubator (medical equipment plant of Shanghai Boxun Industry Co., Ltd.) with 38% humidity and 30°C temperature; growth state was recorded every 4 h until mycelia grew to the edges of the culture vessels. Finally, enzymatic activity was determined by UV-2000 ultraviolet and visible spectrophotometry (Shanghai Jinghua Scientific Instrument Co., Ltd.).
Statistical Analysis
Results were shown as the means of the three biological replicates, and the error bars indicated the standard deviation. The statistical significance of the results was evaluated using Student's t-test. Correlation analysis was performed using the Spearman correlation analysis (SPSS 19.0). Origin 8.5 software was used for drawing and data processing. The medium constituents were only 20% potato juice and bran, with different moisture contents controlling the amount of potato juice used. 
Results and Discussions
Influence of Solid Koji and Liquid Seeds on Mycelial Growth under Solid Culture Spore-bearing mycelia on the solid plate grew better than liquid seeds, and the formed enzymatic activity was higher than that of the liquid seed inoculate (Fig. 2) . Mycelia grew uniformly in the same direction, and a rounded plane region was formed. In the determination of glucoamylase activity after samples were obtained in the same circular arc period, the enzyme-producing capabilities evidently varied; in particular, the mycelial extension process was accompanied by glucoamylase generation, and enzymatic accumulation rate was lower than mycelia extension rate.
Rhizopus Growth in Different Fluffiness Substrate and Glucoamylase Productivity
Rhizopus growing under loose substrate condition was used in this experimental model, and the mycelial extension growth period and accompanying enzyme productivity were analyzed. Although Rhizopus K1 mycelium growth presented a coupling correlation with glucoamylase synthesis, the synthesis mechanism was weak and contributed to production of the enzyme due to weak cellular metabolic capability formed at the tips of Rhizopus mycelia. With the stability and maturation of culture cells, the synthesis mechanism gradually became ideal, possibly enhancing glucoamylase secretion; consequently, glucoamylase productivity lagged behind the mycelial growth trend. As shown by Fig. 3A , glucoamylase activity in the fluffy group was higher than those in the slight compaction and compaction groups, reaching 55 U/g (dry medium). Fluffy substrate showed excellent mycelial growth with highly active metabolism, and a large quantity of substrate was digested.
Mycelial growth periods of experimental groups were also considered in this experiment, and the time for overgrowth on the entire plate in different ϕ 9 cm culture vessels differed. As seen in Fig. 3B , mycelial growth was rapid when the culture medium was under a fluffy state. The compacted culture medium showed the longest growth period. This finding was evidently related to the physical characteristics of the culture medium, with compact and viscous culture medium resulting in difficult mycelial growth. The results obtained through this research were consistent with those attained by other authors [19, 30, 40] .
The initial moisture contents used in the experimental model for fluffy, slight compaction, and compaction groups were identical, and moisture change and growth rate after fermentation were observed and analyzed. As illustrated in Figs. 3C and 3D , the three experimental groups showed different mycelial growth rates (µ) and moisture contents in the order of fluffy group > slight compaction group > compaction group. In the comparison of µ and substrate moisture of Rhizopus mycelia, the fluffy group showed the maximum mycelial extension growth rate (µ = 0.13 h ) and a moisture content of the culture medium within 77%-72%. Meanwhile, given that the upper cover of the culture vessel blocked moisture volatilization, fermentation products finally exhibited small substrate quantity and high moisture content. For the slight compaction and compaction groups, the substrate primer was less digested with weak respiratory action, and the moisture content of the culture medium was within 58%-68% because of slow mycelial growth and decreased metabolic capability. In particular, the moisture content of the compaction group approximated the originally prepared moisture content.
Distractions of Fluffiness Substrate on Rhizopus Mycelial Form
The amount of Rhizopus mycelia manifests biomass, and only sufficient mycelial quantity can ensure the secretion of a large quantity of metabolites. Flaking was observed in Rhizopus mycelia in solid culture in this experiment, and the morphological characteristics of mycelial appearance were analyzed. Fig. 4 and Table 2 show the charts of the mycelial morphological structure after 36 h of culture. Mycelial thickness, cellular walls, and coherence were observed and analyzed under a microscope at 100× and 400× magnification. During mycelial observation, Rhizopus K1 mycelia showed different morphologies. Mycelia in the fluffy group were coarse, uniform, and continuous with few cracks; conversely, the mycelial morphologies in the slight compaction and compaction groups were markedly non-uniform with abundant aging and damaged mycelia, and the mycelia were markedly thinner than those in fluffy group and accompanied by thick cellular walls.
This finding was mainly due to the growth of Rhizopus K1 mycelia in culture media with different hardness values, and a large quantity of energies was consumed and provided for mycelial extension. Owing to the resistance and friction of culture media, thick cellular walls were used for cellular protection and growth of mycelial cells, resulting in non-uniform mycelial growth and abundant fragmenting phenomena. Similar results were also observed by Sugai-Guérios et al., who considered that O 2 concentration inside the medium, nutrient availability and the turgor pressure within the mycelia were three elements that might affect the growth of penetrative mycelia [19] . The compaction of culture media hinders the growth of mycelia. 
Influence of Medium Water Content in Enzymatic Production and Mycelia Extension
Culture medium composition is an invariable factor influencing the success of solid fermentation. A large quantity of culture media exhibits extreme viscosity, compactness, and difficult dispersion, exhibiting weak heat, oxygen, and mass transfer capabilities during fermentation. Therefore, the selection of appropriate ingredients and moisture content for culture medium is an important factor for favorable Rhizopus mycelial growth. Fig. 5A shows the analysis of growth rates in culture medium with 30%-80% moisture content. The highest biomass was obtained in culture medium with 70% moisture, and µ can reach at 0.16 h − 1
. Both excessively high and low moisture contents were detrimental to mycelial growth; in particular, 30% moisture content yielded the slowest growth rate, with µ approaching 0 and with stagnated mycelial growth. The moisture content used in SSF processes varies between 30 and 85%. Martinez-Ruiz [41] used Rhizopus microsporus to produce lipases by SSF for continuous ethyloleate synthesis. Perlite was used as inert support (IS) and the optimal water content of perlite medium was 60%. Pitol [42] utilized lowcost medium containing wheat bran and sugarcane bagasse to produce lipase by Rhizopus microspores by SSF and the initial moisture content after inoculation was 65%. Escaramboni [43] reported fast hydrolysis of cassava bagasse sugarcane using R. oligosporus to produce amylase for ethanol biosynthesis, and substrates of agro-industrial waste were prepared with 60% moisture content in SSF. By analyzing the glucoamylase productivity of culture media with different moisture contents during culture, the influence of moisture content on enzyme productivity was detected. As seen from Fig. 5B , mycelial growth and extension rates and enzyme productivity in culture medium with 70% moisture content were higher than those of other compositions. For culture medium with moisture content lower than 70%, both mycelial growth rate and enzyme productivity decreased. When moisture content was lower content on lipase production by Yarrowia lipolytica [44] . They found that moisture content of 60% led to the maximal value of lipase production, and higher or lower moisture contents could lead to a reduction of lipase production. Diaz et al. reported that 70% moisture content was a suitable level for both mycelial growth and enzyme productivity, specifically xylanase, exopolygalacturonase, carboxymethyl cellulase and laccase from Aspergillus awamori maintain high activities [45] . These results were due to low moisture content, which resulted in weakened extensibility of Rhizopus mycelia, large extension resistance of vegetative mycelia, slow mycelial cell growth, and consequently to dominant growth of aerial mycelia. High moisture content is beneficial to the growth of vegetative mycelia and it is appropriate for extending mycelial cells but hindered the growth of aerial mycelia [19] .
Moisture content changes in fermentation products were different under ventilation and non-ventilation culture environments. In particular, a large quantity of moisture in culture medium evaporated into the environment with the increase in temperature and decrease in humidity, thereby affecting moisture content of the culture medium and hindering mycelial growth. Thus, Rhizopus experiences degradation of metabolic capability and weak enzymatic activity. Air blast-type and water bath incubators were used in this experiment to simulate fermentation mode with ventilation condition, and the problem of maintaining the moisture content in culture medium within an appropriate range for mycelial growth was presented. Glucoamylase activity was generated under a non-ventilation environment but with the same moisture content and inoculum size, exhibiting a 66% increase compared with that in the experimental group with ventilation. Therefore, a nonventilation environment was superior to a ventilation environment. Given the low humidity of the culture environment (38%), the moisture content in the medium decreased after 40 h of culture (Fig. 5C ), thereby adversely affecting mycelial growth. As depicted in Fig. 5E , the growth rates were markedly different. Rhizopus mycelial growth rate under ventilation was substantially lower than that under a non-ventilation culture pattern. Therefore, an appropriate environmental moisture in the culture medium should be maintained in the follow-up amplification equipment design for solid fermentation.
As seen by determining enzymatic activities in different sites (Fig. 5D) , enzymatic activity under a ventilation culture pattern was lower than that under a non-ventilation culture. Therefore, moisture loss, mycelial growth rate, and metabolite activity should be considered during culture under environmental ventilation. The reasonability of fermentation technology and feasibility of fermentation route can be guaranteed.
An airflow through the system [46] was often applied to dissipate metabolic heat from the solid medium and also to supply the oxygen requirements for cultures. But there was a risk of drying out the substrate [47] , and ventilation removed a fraction of moisture and fermentation heat during culture while providing oxygen content. Given that the material in fluffy culture medium was easily breathable, the diffusion rate of heat was high, the hyphal cell was thin, fermentation temperature was low, and a certain amount of moisture was easily removed. Consequently, the substrate became dry and hard, accompanied by non-uniform mycelial growth and blocked mycelial extension. For compacted culture medium, moisture hardly evaporated, and moisture change was minor even in a ventilated environment. Molecular oxygen should be dissolved in water to form oxygen molecules to be provided for mycelial cell growth. A ventilated environment can only provide the effect of reducing fermentation temperature but draws away some moisture; therefore, excessive ventilation fails to exert oxygen supply effect, thereby adversely affecting fermentation by resulting in dryness on the material surface.
In this paper, we established a model and changed moisture content, fluffiness degree, and ventilation in the culture medium; moreover, hyphal extension, reproduction states and empty spore phenomenon due to senescence were observed and analyzed. Enzyme productivity and growth rate of mycelia were examined to understand the influence of alternate vegetative hyphae and aerial hyphae on enzyme production.
Site 0 was inoculated with mycelium seed liquid and solid mycelium pellets to detect glucoamylase activity during mycelium elongation. Experimental results in Fig. 2 showed that the solid hyphae block vaccination because their stretching ability is stronger, and accompanied by the metabolites of glucoamylase activity they could reach 28 U. g -1 , and the mycelium seed liquid-formed hyphae area of glucoamylase activity was lower than the control points.
Rhizopus was grown in a solid medium of wheat bran to form cake shape hyphae, a mixture of vegetative hyphae and aerial hyphae. Through analysis of the growth rate and enzyme activity of the hyphae, the results showed that their specific growth rate would decrease with culture time, and the activity of enzyme produced by the mycelium extension time was higher. The vegetative hyphae of the mold grow inside the medium, and the aerial hyphae grow on the surface of the medium to form pellet-like cake [48] . Hyphal extension requires the carbon source and nitrogen source to provide energy and the composition of the cell skeleton. If the hyphal extension were too long and required that a large amount of nutrients be provided, hyphal extension speed would slow down.
Hypha growth greatly influenced the secretion of metabolites, and the extension of hyphae also affected the ability of the synthetic product [17] . Once the hyphae appear in the process of high viscosity, hardness, strong growth, penetration, and hyphae extension is difficult. Mycelium are important cells and a discrete lattice-based model often was used [48, 49] . Rhizopus had two mycelial growth types in the medium with low water content. The hyphae formed in the liquid fermentation were vegetative hyphae, and the aerial hyphae were easily formed on the surface of the solid-state fermentation, and a large number of spores were generated.
The compactness of the medium affected the elongation ability of the hyphae, and the secretion of the product was also quite different. It was found that the hyphal growth cycle was shortened under the fluffy medium, and the mycelial specific growth rate μ could reach 0.16 h , and the glucoamylase activity was higher than the dense medium. In the study of the influence of water content on the culture medium, it was found hyphae became large, high-density, strong growth, and more matrix consumed, resulting in the moisture of the fluffy group; The water content climbed from the initial 57% to 78%. But, the compaction group had weak respiration and a long culture period, and the water content of the medium was between 57-62%.
The water content in the medium also has an effect on the growth of mycelium [23, 50] . In the production of Rhizopus glucoamylase, the optimum water content of the medium was 70 percent. Excessive water causes the mycelial growth environment to be destroyed, the mycelium grows slowly, and was susceptible to bacterial infection. And too little water leads to slow or stagnated mycelial growth rate.
In the observation of vegetative hyphae, Rhizopus K1 was found to grow prosperous in the fluffy medium, with less fragmentation and a less thick cell wall, while a too pyknotic medium caused difficulty in hyphal penetration and the cell wall would thicken. It was found that the activity of glucoamylase produced by mycelia secreted in dense substrate was much lower than that of the fluffy substrate in the same medium component.
Therefore, the moisture, bulkiness, and viscosity of the medium had an important influence on the elongation of the hyphae and the specific growth rate μ, especially the change of the cell walls, and the metabolite capacity of the corresponding enzyme would be disturbed.
